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Abstract 9 
Heteroepitaxial thin films of cubic silicon carbide (3C-SiC) on silicon offer a promising platform 10 
for leveraging the properties of SiC, such as a wide bandgap, high mechanical strength, and 11 
chemical stability, on a silicon substrate. Such heteroepitaxial films also attract considerable 12 
interest as pseudo-substrates for the growth of GaN as well as graphene on silicon wafers. 13 
However, due to a substantial lattice mismatch, the growth of 3C-SiC on silicon leads to a 14 
considerable amount of stresses, defects and diffusion phenomena at the heterointerface. We 15 
show here that the extent of such interface phenomena and stresses is so large that after 16 
patterning of the SiC, a massive sublimation of the silicon underneath the SiC/Si interface is 17 
promoted via a high temperature anneal, either in high or medium vacuum ambient. A micron-18 
thick air gap can be formed below the SiC structures, making them suspended. Hence, the 19 
described approach can be used as a straightforward methodology to form free-standing silicon 20 
carbide structures without the need for wet or anisotropic etching and could be of great interest 21 
2 
 
for devices where suspended moving parts are needed, such as micro- and nano-1 
electromechanical systems.  2 
I. Introduction 3 
Heteroepitaxial 3C-SiC/Si has considerable potential for a variety of applications such as micro-4 
electro-mechanical systems (MEMS), high-voltage, high-frequency diodes, and transistors 1-4. In 5 
addition, the epitaxial graphene growth on SiC on silicon enables direct graphene growth on Si 6 
wafers, which makes it compatible with semiconductor industry fabrication methods 5-7. This 7 
methodology eliminates the need for transferring graphene to a semiconductor substrate, as is 8 
required following chemical vapor deposition (CVD) on a metal or for exfoliated graphite 6, 8. 9 
GaN growth on the 3C-SiC/Si pseudo-substrates also has the potential interest for electronics and 10 
optoelectronics 9-10. The use of heteroepitaxial thin films on silicon as opposed to the use of bulk 11 
SiC substrates leads to a cost reduction and enhanced micromachining and integration 12 
capabilities, which is desired for a variety of applications such as sensors, energy storage, and 13 
nanoelectronics 11-16. However, the significant lattice mismatch between SiC and Si substrate, 14 
accompanied by atomic inter-diffusion, defects generation, and stress relaxation, adversely affect 15 
the stability of the SiC/Si interface 17-18. Pradeepkumar et al. 19 reported a significant intermixing 16 
at the heterointerface, which takes place at high temperatures either upon SiC growth or 17 
subsequent annealing. They pointed out that the high compressive stress concentration at the 18 
heterointerface undergoes substantial relaxation above 1000°C, caused by a significant carbon 19 
diffusion microns-deep into the silicon substrate. Substantial diffusion of atomic carbon is 20 
expected to create considerable amounts of interstitial C in the silicon lattice, leading to a leaky 21 
p-n SiC/Si heterojunction as well as propagating compressive stresses deeper into the silicon 22 
substrate, microns away from the heterointerface 19-22.  23 
3 
 
Patterning plays a crucial role in semiconductor technologies 23-28. We have extensively 1 
investigated the epitaxial graphene fabrication on patterned heteroepitaxial thin films of cubic 2 
silicon carbide (3C-SiC) on silicon 28-29. Conventional patterning techniques include 3 
photolithography, electron-beam lithography, and focused ion beam (FIB) milling. Fabrication of 4 
SiC structures such as microcantilevers and bridges is of great importance in sensing and MEMS 5 
applications 1, 30. Fabricating these structures using 3C-SiC on silicon thin films generally 6 
involves patterning the carbide layer followed by chemical wet etching to release the structures 7 
from the Si substrate. The wet etching step is quite time-consuming and demands the use of 8 
hazardous chemicals 1, 29, 31-32. Therefore, developing a method to eliminate the need for a wet 9 
etching would be highly beneficial.  10 
Here, we take advantage of the stresses generated microns deep into the silicon substrate and 11 
show an alternative path to fabricating suspended microstructures of 3C-SiC on silicon, based on 12 
a simple high-temperature anneal after patterning of the silicon carbide film. 13 
II. Experimental Details 14 
3C-SiC films grown on Si(111) and Si(100) were purchased from NOVASIC (France) 33-35. The 15 
heteroepitaxial growth was carried out in a horizontal hot-wall CVD system at temperatures in 16 
the range of 1300-1400 °C by NOVASIC (France) 33. Chemical and mechanical polishing were 17 
conducted to reduce the surface roughness to less than 1 nm (StepSiC® by NOVASIC (France)) 18 
36. The cubic polytype of SiC is the only type that can be heteroepitaxially grown on the readily-19 
available, large-diameter silicon substrates 37. The wafer was cleaned by successive 10’ 20 
sonications in acetone, isopropanol, and de-ionized water, respectively.  21 
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An FEI SCIOS Dual Beam scanning electron microscopy (SEM)/focused ion beam (FIB) system 1 
was used for ion-beam patterning the first series of samples. All patterns were fabricated with a 2 
Ga beam energy of 30 keV, a dwell time of 1 µs, a beam overlap of 50 %, and a beam current of 3 
0.1 nA. The FEI SCIOS Dual Beam system was also used for scanning transmission electron 4 
microscopy (STEM) sample preparation and measurement; beam energies between 2 and 30 keV 5 
with a range of beam current from 0.1 to 7 nA were employed. During sample preparation, a pt 6 
layer has been deposited on the area of interest to protect it against unwanted milling. A thin 7 
lamella was cut, lifted out, and welded to a copper grid using Pt deposition. The transferred sample 8 
was then thinned to about 100 nm thickness to make it transparent to electrons for STEM imaging. 9 
High-temperature annealing was conducted using an Omicron Multiprobe system with a base 10 
pressure of 10-10 mbar. Joule heating was employed for the high-temperature annealing at 1250 ± 11 
15 °C for 10 minutes. The temperature was controlled using an optical pyrometer (IRCON Ultimax 12 
UX-20P with emissivity = 0.9).  13 
The cantilever and bridge structures were patterned using electron-beam lithography followed by 14 
plasma etching. Poly(methyl methacrylate) (PMMA) 950K was used as the photoresist layer. The 15 
resist layer was spin-coated (3000 rpm, 1 minute) and baked (180 °C, 3 minutes). A Zeiss Supra 16 
55VP SEM with a beam energy of 15 keV was used for photoresist exposure. A reactive ion etcher 17 
with 60 sccm of SF6 and 100 W power was employed for etching the SiC layer. High-temperature 18 
annealing for silicon sublimation was conducted using a Carbolite Gero furnace at ~ 1200 °C for 19 
30 minutes with a base pressure of 10-6 mbar.  20 
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III. Results and Discussions 1 
We investigated the SiC/Si interface of ion-beam patterned 3C-SiC before and after high-2 
temperature annealing. Figure 1 shows SEM images of the SiC thin film in the as-patterned 3 
condition (Figure 1a) and after annealing to ~1200 °C for 10 minutes (Figure 1b and c). Four 4 
parallel structures (~1 µm wide and ~4 µm long) were ion-beam milled through the SiC layer 5 
thickness with a depth of ~1 µm (Figure 1a). After high-temperature annealing of the patterned 6 
samples, the SiC structures appear close to detached from the underlying substrate (Figure 1b and 7 
c). In Figure 1c, the detachment is more obvious due to different sizes and geometry, and produces 8 




Figure 1. SEM images (a) pristine 3C-SiC/Si(111) sample patterned with four structures, 1.5 µm 2 
wide and 5 µm long. (b) same patterned sample as in (a) after high-temperature annealing to ~1200 3 
°C for 10 minutes. (c) 3C-SiC/Si(111) patterned with structures 1 µm wide and 5 µm long, after 4 
the high-temperature annealing. Note the detachment of the two structures from the substrate. 5 
The 3C-SiC/Si interface was further studied with cross-sectional STEM imaging. A pristine 3C-6 
SiC/Si in as-received condition was investigated before and after the high-temperature annealing. 7 
Figure 2a shows the presence of some initial voids at the as-received 3C-SiC/Si interface; these 8 
interfacial voids are caused by silicon out-diffusion during the SiC layer growth and are often 9 
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visible through microscopy 20, 38-41. After annealing the pristine 3C-SiC/Si sample to ~1200 ˚C for 1 
10 minutes, the average void size at the interface was noticeably larger (Figure 2b). Figure 2c 2 
shows the 3C-SiC/Si sample, with a patterned SiC layer before high-temperature annealing. The 3 
SiC/Si interface for the sample after patterning, and before annealing, appears similar to the as-4 
received one. However, the annealing of the patterned sample at high temperatures (~1200 ˚C for 5 
10 minutes) produces a dramatic change (Figure 2d), with the formation of a massive gap between 6 
the SiC and the Si substrate. This gap is strongly anisotropic as it extends for about a micron depth, 7 
and in-plane, up to ~8 µm away from the patterned SiC trenches, as shown in Figure 2d. 8 
 9 
Figure 2. STEM image of 3C-SiC/Si(111) cross-sections (a) for an as-received sample, (b) the 10 
as-received sample after annealing to ~1200 ˚C for 10 minutes, (c) a patterned 3C-SiC/Si(111), 11 
and (d) the patterned 3C-SiC/Si after annealing to ~1200 ˚C for 10 minutes. 12 
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To further investigate this phenomenon, a 3C-SiC/Si sample was patterned with a depth of about 1 
only half of the SiC layer thickness (~0.5 µm). Following annealing to ~1200 ˚C for 10 minutes, 2 
the interface for the sample does not show the formation of an air gap after annealing (Figure 3). 3 
This indicates that the massive sublimation can only happen when the regions of the silicon 4 
substrate are exposed to the ambient through openings patterned in the SiC layer.  5 
 6 
Figure 3. (a) SEM image of the cross-section of a 3C-SiC/Si(111) film only etched half-way 7 
through its thickness, before high-temperature annealing, (b) STEM cross-section image after 8 
annealing of the sample to ~1200 ˚C for 10 minutes, indicating no large gap formation under the 9 
SiC film, but only small-sized voids. 10 
In Figure 4 a and c, we show cantilever and bridge structures of 3C-SiC/Si(100), patterned using 11 
electron-beam lithography followed by plasma etching. Figure 4 b and d indicate that after 12 
annealing of the patterned samples to ~1200 ˚C, the structures appear suspended from the Si 13 
substrate. Although a higher amount of stress is expected for the (111) orientation as compared 14 
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to (100) 17, 42, the phenomenon of massive sublimation occurs in both 3C-SiC/Si(100) and 3C-1 
SiC/Si(111) systems. We emphasize once more that this massive sublimation is not observable in 2 
samples where the SiC has not been fully opened to expose the silicon substrate.  3 
The observed phenomenon is hence exemplified in the schematic in Figure 5. The silicon 4 
underneath the SiC film is weakened by the compressive stresses discussed earlier, up to microns 5 
away from the interface. Therefore, when brought to high temperatures, the silicon in the top 6 
portion of the substrate has a strong tendency to sublimate. When a continuous SiC film is 7 
present above the substrate, the carbide acts as a barrier, so that a high temperature anneal can 8 
only induce small-scale sublimation of the silicon through (Figure 5, a and b). In this case, 9 
silicon can only leave the substrate through stacking faults or other defects of the heteroepitaxial 10 
SiC 41. When patterns are fully opened in the SiC layer, the surface of the silicon substrate 11 
becomes exposed to the ambient (Figure 5c), enabling a massive sublimation upon annealing, 12 
and the formation of an anisotropic gap at the interface (Figure 5d). The strong anisotropy of this 13 
process is explained by the fact that the compressive stresses underpinning the driving force for 14 
this massive sublimation are directly related to the diffusion depth into the silicon of the atomic 15 
carbon from the heterointerface, which obeys Fick’s law 43-44. The annealing temperature, the 16 
annealing time, and the geometry of the microstructures are all expected to affect the formation 17 
of the air-gap.  18 
This phenomenon can hence be employed to fabricate various suspended SiC structures without 19 
any chemical wet-etching. In addition, when necessary, this process may be engineered further to 20 




Figure 4. (a) a cantilever structure patterned on a ~2 µm thick SiC/Si(100) thin-film using 2 
electron-beam lithography and plasma etching procedure, (b) the cantilever structure after high-3 
temperature annealing to ~1200 °C, a gap has created under the structure. (c) a bridge structure 4 
patterned on SiC/Si substrate using electron-beam lithography procedure, (d) the bridge structure 5 




Figure 5. Schematic representation of the patterning effect on the SiC/Si interface after the high-2 
temperature annealing (a) pristine thin film of SiC/Si with visible interfacial voids sometimes 3 
visible during the SiC growth, (b) after high-temperature annealing: enlargement of the 4 
interfacial voids, (c) patterning of the SiC/Si exposes the silicon to the atmosphere (d) high-5 
temperature annealing leads to a massive Si sublimation, resulting in the formation of an 6 
anisotropic gap extending for microns. 7 
IV. Conclusions 8 
We have shown that we can induce a massive silicon sublimation underneath the interface of a 9 
heteroepitaxial SiC layer on silicon, by patterning the SiC layer to expose the silicon surface and 10 
annealing the system to either high or medium vacuum ambient. We suggest that the driving 11 
force of this massive sublimation is given by significant compressive stresses generated deep in 12 
the silicon substrate by the presence of interstitial carbon diffused from the heterointerface. 13 
This massive sublimation is anisotropic and extends for about a micron depth and several 14 
microns in each in-plane direction from the open SiC pattern, which results in the formation of 15 
an air gap between the SiC structures and the silicon substrate.  16 
12 
 
Employing this phenomenon, we have fabricated free-standing structures of 3C-SiC on a silicon 1 
substrate. This process eliminates the need for any chemical etching step to fabricate free-2 
standing SiC structures on Si substrate. We propose this methodology as a pathway to directly 3 
fabricate free-standing micro- and nano-structures of crystalline 3C-SiC on silicon, which are, 4 
for example, the basis for MEMS resonators with very high-quality factors 45-46. In addition, 5 
released structures made of epitaxial graphene on SiC can be fabricated using this process. The 6 
epitaxial graphene/SiC material combination is of great relevance and benefit, particularly for 7 
mechanical 47-49 and optical/photonic applications 50-52. 8 
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List of the figure captions 1 
Figure 6. SEM images (a) pristine 3C-SiC/Si(111) sample patterned with four structures, 1.5 µm 2 
wide and 5 µm long. (b) same patterned sample as in (a) after high-temperature annealing to ~1200 3 
°C for 10 minutes. (c) 3C-SiC/Si(111) patterned with structures 1 µm wide and 5 µm long, after 4 
the high-temperature annealing. Note the detachment of the two structures from the substrate. 5 
Figure 7. STEM image of 3C-SiC/Si(111) cross-sections (a) for an as-received sample, (b) the 6 
as-received sample after annealing to ~1200 ˚C for 10 minutes, (c) a patterned 3C-SiC/Si(111), 7 
and (d) the patterned 3C-SiC/Si after annealing to ~1200 ˚C for 10 minutes. 8 
Figure 8. (a) SEM image of the cross-section of a 3C-SiC/Si(111) film only etched half-way 9 
through its thickness, before high-temperature annealing, (b) STEM cross-section image after 10 
annealing of the sample to ~1200 ˚C for 10 minutes, indicating no large gap formation under the 11 
SiC film, but only small-sized voids. 12 
Figure 9. (a) a cantilever structure patterned on a ~2 µm thick SiC/Si(100) thin-film using 13 
electron-beam lithography and plasma etching procedure, (b) the cantilever structure after high-14 
temperature annealing to ~1200 °C, a gap has created under the structure. (c) a bridge structure 15 
patterned on SiC/Si substrate using electron-beam lithography procedure, (d) the bridge structure 16 
after high-temperature annealing to ~1200 °C, a gap has created under the structure. 17 
Figure 10. Schematic representation of the patterning effect on the SiC/Si interface after the 18 
high-temperature annealing (a) pristine thin film of SiC/Si with visible interfacial voids 19 
sometimes visible during the SiC growth, (b) after high-temperature annealing: enlargement of 20 
the interfacial voids, (c) patterning of the SiC/Si exposes the silicon to the atmosphere (d) high-21 
temperature annealing leads to a massive Si sublimation, resulting in the formation of an 22 
anisotropic gap extending for microns. 23 
 24 
